It has recently been suggested that the Standard Model Higgs boson could act as the inflaton while minimally coupled to gravity -given that the gravity sector is extended with an αR 2 term and the underlying theory of gravity is of Palatini, rather than metric, type. In this paper, we revisit the idea and correct some shortcomings in earlier studies. We find that in this setup the Higgs can indeed act as the inflaton and that the tree-level predictions of the model for the spectral index and the tensor-to-scalar ratio are ns 0.941, r 0.3/(1 + 10 −8 α), respectively, for a typical number of e-folds, N = 50, between horizon exit of the pivot scale k = 0.05 Mpc −1 and the end of inflation. Even though the tensor-to-scalar ratio is suppressed compared to the usual minimally coupled case and can be made compatible with data for large enough α, the result for ns is in severe tension with the Planck results. We briefly discuss extensions of the model.
I. INTRODUCTION
The most minimal realization of inflation is the one where the Standard Model (SM) Higgs boson acts as the inflaton field, as such a scenario does not require any new fields on top of the ones we know to exist. The scenario was originally studied in Refs. [1, 2] and it has gained significant attention during the last 10 years; for a recent review, see Ref. [3] . While alternative formulations exist [4] [5] [6] [7] [8] [9] [10] [11] , the usual and most studied scenario is based on the assumption that on top of its couplings to the other SM fields, the Higgs field is coupled non-minimally to gravity via ξφ 2 R, where φ is the Higgs boson, R is the curvature scalar and ξ is a dimensionless coupling constant. The coupling is required to sufficiently flatten the Higgs potential at large field values, so that slow-roll inflation and agreement with observations can be attained.
However, in choosing the form of such coupling, there is actually more freedom than is usually appreciated. In the usual metric formulation of gravity, one assumes that the space-time connection is determined uniquely by the metric only. In the so-called Palatini formalism, however, both the metric g µν and the connection Γ are treated as independent variables, and the curvature scalar R = g µν R µν (Γ) is actually a function of both g µν and Γ, as constructing the Ricci tensor R µν does not require the notion of a metric. One can take this approach also in the context of the General Relativity (GR), although in that case the constraint equation for the connection renders the two theories equivalent, i.e. in that case the metric and Palatini approaches provide for mere formulations of the same theory. However, with non-minimally coupled matter fields or otherwise enlarged gravity sector this is generally not the case [12] . In that case, one has to make a choice of the underlying gravitational degrees of freedom. Choosing the Palatini * ttenkan1@jhu.edu approach does not, however, constitute a modified theory of gravity any more than the metric one does, as currently we do not know what the underlying gravitational degrees of freedom are. Also, it does not necessarily amount to adding new degrees of freedom to the theory.
In the context of inflation, this choice will generically change the dynamics and hence also the predictions of a given model when compared to alternative choices. This was originally noted in Ref. [4] and has recently gained increasing attention [10, 11, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] (see also [30] [31] [32] ). Interestingly, it was recently pointed out in Ref. [27] that when the gravity sector is extended with an αR 2 term (with α being a dimensionless parameter) and the underlying theory of gravity is of Palatini rather than metric type, the SM Higgs boson can act as the inflaton field while itself minimally coupled to gravity, i.e. even when the coupling ξφ 2 R does not exist (for the case with a non-minimal coupling, see [22, 23] ). This is a particularly interesting case, as a large non-minimal coupling to gravity renders the theory non-renormalizable at intermediate scales; see again Ref. [3] . Also, because both a nonminimal coupling of the type ξφ 2 R and a Starobinsky-like αR 2 term can be argued to be generated by quantum corrections in a curved background (see e.g. [33] ), also the inclusion of an αR 2 term provides for a well-motivated starting point for the analysis of the physics at very high energies. It may indeed be that there is a sufficient hierarchy between the two operators, so that inflationary dynamics is dominated by the αR 2 term rather than the non-minimal coupling ξφ 2 R, provided that the φ field indeed is the inflaton.
In the following, we will study inflation in this setup. We will follow Ref. [27] in assuming that ξ is small enough so that the non-minimal coupling does not play a role in determining the inflationary dynamics and the corresponding observables. We will, however, go beyond Ref. [27] in several different ways: we will compute the requirements for the model parameters so that they give the observed amplitude for the primordial curvature power spectrum, as well as discuss reheating and the allowed range for the number of e-folds between horizon exit of the pivot scale and the end of inflation. We will also correct some shortcomings in Ref. [27] .
The paper is organized as follows: in Section II, we study inflation with an αR 2 term in Palatini gravity and discuss the main observables. In Section III, we discuss reheating and the number of e-folds relevant for the model under consideration, and present our main results. In Section IV, we conclude.
We begin the discussion by presenting the model under consideration, following closely the discussion in Ref. [27] . We will study the following action:
where g is the determinant of the metric tensor g µν , φ is the SM Higgs with the potential V (φ), M P is the reduced Planck mass, α is a dimensionless parameter, R = g µν R µν (Γ) is the Ricci scalar which depends on both the metric and the connection Γ -which we take to be an independent variable -, and ∇ µ is the covariant derivative with respect to this connection 1 . We will assume that the possible non-minimal coupling between the Higgs and gravity is small enough not to take part in inflationary dynamics 2 .
For simplicity, we assume that the connection is torsion-free, Γ λ αβ = Γ λ βα (for non-vanishing torsion, see [11, 32] ). As discussed in Section I, in the context of GR the constraint equation for the connection imposes Γ to be the Levi-Civita connection and hence renders the two formalisms -metric and Palatini -equivalent. However, with non-minimally coupled matter fields or otherwise enlarged gravity sector this is generally not the case [12] , and as we currently do not know what the fundamental gravitational degrees of freedom are, it is a natural starting point to consider a theory where the connection (and hence space-time geometry) is determined by both the metric and the matter fields. As we will see, this has very interesting consequences.
The action (1) can be written dynamically equivalently 1 Note that the equation of motion for φ still involves the covariant derivative with respect to the Levi-Civita connection [15] . 2 For recent studies on mixed models where a scalar field couples non-minimally to an extended gravity sector, see [22, 23, 27, [33] [34] [35] [36] [37] [38] [39] [40] [41] .
as [12] 
where z is an auxiliary field. Performing a Weyl transformation
gives the Einstein frame action
with a canonical gravity sector. Because now the connection appears only in the usual Einstein-Hilbert term, in this frame we retain the Levi-Civita connection, which shows that the model (1) actually belongs to a class of metric-affine theories [11, [30] [31] [32] . Varying the action (4) with respect to the field z gives an algebraic constraint equation -instead of an equation of motion containing derivatives of z, as in the Palatini case the field is nondynamical -, which is solved for [22, 23, 27] 
Substituting this into Eq. (4) gives
where we assumedφ 2 V (φ), i.e. the field is in slow-roll and that spatial gradients of the field vanish everywhere during inflation.
We now assume that the Higgs potential during inflation is V (φ) = λφ 4 /4, which holds for large field values, φ v, where v = 246 GeV is the Higgs' vacuum expectation value at zero temperature. With a suitable field redefinition φ = φ(χ), determined by
the kinetic term for the Higgs can be written in a canonical form. The solution to Eq. (7) can be written in terms of the elliptic integral of the first kind but the result is not particularly enlightening. The action (6) then becomes
where
where φ(χ) is given by Eq. (7). The result (9) is the vanishing coupling limit of the more general result presented in Refs. [22, 23] , where a non-minimal coupling between the inflaton field and gravity was assumed. Note that when χ → 0, the usual Einstein-Hilbert gravity, i.e. pure GR, is retained and the assumption of the underlying theory of gravity being of Palatini type loses its speciality; it is, in this limit, simply an alternative way to formulate GR -albeit equally suitable as the usual metric formulation, as discussed above.
In the upper panel of Fig. 1 , we show how the Einstein frame potential depends on the value of α for a fixed λ. We see that for suitable choices of parameters, the potential develops a plateau at large field values and hence exhibits behavior which is very suitable for slow-roll inflation. Notably, the plateau can be reached at values smaller than the Planck scale, χ < M P . However, calculating the observables is non-trivial, as also the rate of change of the field is modified, see Eq. (7). In the lower panel of Fig. 1 , we show the mapping between the Jordan frame field φ and the canonicalized Einstein frame field χ.
As shown in Ref. [22] , the inflationary dynamics is characterized by the usual slow-roll parameters
where the prime denotes derivative with respect to χ and ,η are the slow-roll parameters andφ the field value in the case of α = 0. Because everything here has been expressed in terms of quantities of the well-known case of V = λφ 4 /4 inflation (in the following, 'λφ 4 inflation' for short), we can use the canonical results of this model to find the the leading order expressions for the main inflationary observables, i.e. the spectral index and the tensor-to-scalar ratio. The number of e-folds between the horizon exit of a given scale and the end of inflation, N , is in that case given by
whereφ i is the field value when the given scale exited the horizon. The field value at the end of inflation,φ f , is defined by¯ (φ f ) = 1. For V = λφ 4 /4, we thus find in the standard manner¯ = 8M 2 P /φ 2 i = 1/(N + 1) and η = 3¯ /2. The leading order expressions for the spectral index and the tensor-to-scalar ratio therefore are respectively. We see that the expression for n s is in this case exactly the same as the one in the usual λφ 4 inflation. Indeed, as discussed in Ref. [22] , all quantities defined as derivatives of the power spectrum, such as the spectral index, its running and the running of the running, remain unaffected to leading order, because the curvature power spectrum remains the same. Its amplitude is given by [42, 43] 
with the observed value P ζ = 2.1 × 10 −9 [44] . Furthermore, the most recent analysis of observations of the CMB made by the Planck satellite also give (at the 68% confidence level) [44] n s = 0.9625 ± 0.0048, (14) for the TT,TE,EE+lowE+lensing dataset. The joint analysis of data by Planck and BICEP2/Keck Array gives (at the 95% confidence level) [45] r < 0.06.
The observables are constrained at the pivot scale k * = 0.05 Mpc −1 . We see from Eq. (13) that at tree-level, the value of α does not enter the expression for P ζ at all and the result indeed remains unchanged from the one of λφ 4 inflation. One can see that for N 50, the requirement for the quartic self-coupling is λ O(10 −12 ), which in the case of the SM Higgs requires considerable fine-tuning of the SM β-functions. This is not entirely inconceivable (see e.g. [46] ) but may decrease the appeal of the most minimal model. However, we will see that this is not the only problematic thing in this model.
Before discussing the number of e-folds in more detail, let us note that unlike the usual λφ 4 /4 inflation, the present model delivers a prediction for r which can be made compatible with the Planck data for large enough α. Solving for λ from Eq. (13) and substituting it into Eq. (12), we find
We see that for e.g. N = 50, the value of α which makes the prediction compatible with the Planck results is in the O(10 8 ) ballpark. This should not be seen as a hindrance, though, as α can be seen as a manifestation of a new scale M ≡ M P /α 1/4 < M P , where the high energy physics start exhibiting phenomena different from those at low energies, rather than as a coupling constant which should be small. In Ref. [27] it was assumed that √ λα ≤ 10
always but if α < 1, the new scale is M > M P , which is possibly in conflict with quantum gravity. In this paper, we will therefore assume α > 1.
III. REHEATING AND THE NUMBER OF E-FOLDS
To find accurate predictions for the main inflationary observables discussed above, we will now discuss reheating and the number of e-folds between horizon exit of the pivot scale and the end of inflation. The latter is required for solving the field value at which the perturbations we observe in the CMB are generated, as given by Eq. (11) .
The number of e-folds between horizon exit of the pivot scale and the end of inflation is
where a refers to the scale factor at different times (end of inflation, reheating, and today, respectively) and H k is the Hubble parameter during inflation at the time the scale k exited the horizon. In the following, we will be interested in the Planck pivot scale k = k * = 0.05 Mpc −1 . Assuming a constant equation of state during reheating, the ratio of the scale factors at the end of inflation and at the time of reheating is ln a end a reh = ln ρ reh ρ end
where ρ is the total energy density at a given time, w is the average equation of state parameter during reheating, c ≡ H end /H k characterizes how much H changes between horizon exit of the scale k and the end of inflation, T reh is the reheating temperature, and g * is the effective number of degrees of freedom at the time of reheating. The maximum reheating temperature is
7.5 × 10
GeV, which assumes instant reheating after inflation 3 . We also have ln 
which follows from the definition of the tensor-to-scalar ratio r ≡ P T /P ζ , where
The overall result is not particularly sensitive 4 to changes in c and g * (T reh ), so we can take g * (T reh ) ∼ 100 and c ∼ 1. Assuming that w ≥ −1/3 during reheating (which is a very plausible assumption, as typically w ≥ 0 [47, 48] ), we find that the maximum number of e-folds between horizon exit of the pivot scale k * = 0.05 Mpc For the other pivot scale used by Planck, k = 0.002 Mpc −1 , the first term is 59. The result is in line with e.g. Refs. [48] [49] [50] , and shows that the results presented in the original paper on Palatini-R 2 inflation with a Higgs-like scalar field [27] , where N ≥ 65 was assumed, require implausible assumptions of the thermal history of the Universe after inflation in this model. Note that this conclusion is independent of reheating mechanism.
Using the above results, we can find a plausible range for the number of e-folds in the model under consideration. Assuming the SM particle content, g * (T reh ) = 106.75, and taking w 0, c = 1, we obtain
By varying T reh between 10 6 GeV and the maximum reheating temperature (19), we find N 45...56. This gives relatively accurate predictions for the main inflationary observables, as discussed above. The result is not particularly sensitive to the values of w or c.
The results are shown in Table I . We see that for the given range of e-folds, predictions of the model are in severe tension with the Planck results, Eq. (14) . While the predicted value for the tensor-to-scalar ratio can be made compatible with the Planck data for large enough α, making the scenario compatible with the limits on n s requires implausible assumptions of the reheating period. However, the above results apply only at tree-level. Because in the present scenario the Higgs is coupled only minimally to gravity, it would be interesting to see if the SM β-functions could be applied to the present scenario as such, and if so, to what extent they can change the tree-level analysis conducted in this study.
IV. CONCLUSIONS
We have studied a scenario where the SM Higgs boson acts as the inflaton field while minimally coupled to gravity. This is possible when the gravity sector is extended with an R 2 term and the underlying theory of gravity is of Palatini type. We corrected some shortcomings in previous studies and computed the predictions of the model for the spectral index and the tensor-to-scalar ratio. We found n s 0.941, r 0.3/(1 + 10 −8 α), respectively, for a typical number of e-folds, N = 50, between horizon exit of the pivot scale k = 0.05 Mpc −1 and the end of inflation. While the predicted value for the tensorto-scalar ratio can be made compatible with the Planck data for large enough α, making the scenario compatible with the limits on n s requires implausible assumptions of the reheating period. However, going beyond the treelevel analysis conducted in this paper may change the predictions of the model without further modifications of the underlying theory.
